In atomic layer deposition ͑ALD͒, it is well known that a linear relationship exists between the deposited film thickness and the number of deposition cycles, which is due to its inherent characteristics of self-limited surface reaction between reactants. However, during the initial stage of ALD, the outermost surface is gradually converted from pre-deposited substrates into an actual film as ALD of the film proceeds. Therefore, a transient region should exist, which causes a nonlinear dependence of film thickness on the number of deposition cycles, because the characteristics of the surface adsorption of reactants is dependent on the exposed film surface. To estimate the accurate film thickness, especially for film thickness less than 10 nm, we propose a simple analytical kinetic model in the transient region. The experimental results of TiN-ALD performed on the SiO 2 substrate are consistent with the existence of the transient region. Furthermore, it has been found that the probability of adsorption of a reactant to predeposited SiO 2 is considerably lower than that to TiN films.
I. INTRODUCTION
The films deposited by atomic layer deposition ͑ALD͒ have shown excellent step coverage and uniformity. An important advantage in ALD involves the digital controllability of film thickness via an appropriate adjustment of the number of deposition cycles. As the minimum feature size of semiconductor devices decreases, the films used for capacitor/gate dielectrics or copper diffusion barrier metals will be required to be thinner and thinner, even less than several nanometers. Hence, the ALD method has considerable potential in the silicon semiconductor industry. In ALD, the film thickness, which is grown in a deposition cycle, is self-limited to a constant value at saturation conditions, which is usually less than 2 monolayers ͑MLs͒ in the case of a binary compound system and a ternary system. [1] [2] [3] However, the probability that a reactant will be adsorbed is dependent on the properties of the surface to which it will be adsorbed. Thus, for the case of the film deposition thickness in one deposition cycle ͑ML/cycle͒, it is inevitable that differences between the initial stage and the stabilized stage of ALD will exist. During the initial stage, the reactant will be adsorbed onto the surface of the substrate, but after the initial stage it will be adsorbed onto the surface of the deposited films. Therefore, film thickness is not linearly dependent upon the number of deposition cycles during the first few deposition cycles and, after some deposition cycles have occurred, film thickness becomes linearly dependent upon the number of deposition cycles. This can lead to errors in estimating the thickness of the deposited film, when the required film thickness is less than 10 nm. This issue can be divided into two regions: ͑1͒ a transient region where the film thickness in one deposition cycle increases toward a constant value; and ͑2͒ a converged region where the film thickness in one deposition cycle is constant. These two regions are described in Fig. 1 . The film thickness ͑t͒ can be obtained by a summation of the two regions as follows:
where l con and l j, tran are the film thickness in one deposition cycle in the converged region and in the transient region, respectively, and h is the number of deposition cycles. At the kth cycle, the transient region is replaced with the converged region. When ALD is used for growing binary thin films, the reactant gases ͑AX, BY͒ are sequentially introduced into reaction chamber and the purging gas is introduced between the AX and BY gas pulses to avoid gas phase reaction and physisorption. In the deposition process, the AX gas and the BY gas react to form the surface film ͑AB͒ and byproduct ͑XY͒ which can then be pumped out, leaving only the AB film on the surface.
In general, the adsorption rate can be expressed as Eq. ͑2͒ for an nth order adsorption:
where is the adsorption coverage, t is the process time, n is the adsorption order which originates from considering the interaction between adsorbates, i is the desorption order, P i is the partial pressure of the reactant, ␥ a is the adsorption rate constant, ␥ d is the desorption rate constant, and C the a͒ Author to whom correspondence should be addressed; electronic mail: swkang@cais.kaist.ac.kr constant for letting ␥ a P i . In many cases, the adsorption rate is much higher than the desorption rate, so that the desorption rate can be ignored in deriving Eq. ͑2͒. 4 In addition, for simplicity, the interactions between adsorbates are ignored, so that we can let n ϭ 1 as shown in the right term in Eq. ͑2͒. In deriving the adsorption rate, the Rideal-Eley mechanism has been applied. 
II. AN ANALYSIS OF FILM GROWTH RATE IN THE TRANSIENT REGION
The notations used in the present article are explained as follows. The superscript and the subscript in the right direction signify the adsorbent and the adsorbate, respectively, while the superscript in the left direction signifies the previous pulse. In addition, the sequence of cycles is described by a parenthesis. is the adsorption coverage of AX molecules ͑adsorbate͒ adsorbed onto the BY-terminated surface ͑adsorbent͒ during the jth AX gas pulse after the ͑j-1͒th BY gas pulse.
AX( j) AX is the coverage of AX molecules remaining in the outmost surface after the jth AX gas pulse.
C AX AB and f AX AB are constants in the case of the adsorption of AX molecules ͑adsorbate͒ onto AB films ͑adsorbent͒.
In Sec. I, we revealed that two regions exist, namely the transient region and the converged region as the deposition cycle proceeds in ALD processing. In the transient region, the film thickness in one deposition cycle increases toward a convergent value and the adsorption of the AX gas and the BY gas on the substrate of the predeposition state S, should be considered during the initial deposition cycles. At the first instant of reactant injection, the reactant can be adsorbed only onto the surface of the substrate. This situation is described in Fig. 2͑a͒ . During the exposure of the substrate, the following equations can be described during the first AX gas pulse:
After the film is formed, the reactant can be adsorbed both onto the film as well as onto the substrate depicted in Fig.  2͑b͒ . Generally, during the jth AX gas pulse, in the case of a reactant being adsorbed onto both films and substrate, one can yield
during the jth BY gas pulse
The dependence of film thickness on one deposition cycle and on the number of deposition cycles divided by two regions.
where t AX , t BY are the AX gas pulse time and the BY gas pulse time, respectively. When
AB approach convergent values after a lapse of several deposition cycles, convergent values can be obtained from the solution of differential equations. The following recurrence relations can also be written:
And l j,tran can be determined in each jth cycle. In addition, after the substrate is entirely covered by film, the reactant can be adsorbed only onto films depicted in Fig. 2͑c͒ . After the substrate is covered by the film, the values of AX( j) S and BY ( j) S become zero, and Eqs. ͑4͒ and ͑5͒ are comprised of two equations, respectively. Therefore Eqs. ͑4͒ and ͑5͒ represent general equations which can be used in the converged region as well as the transient region. It is possible to evaluate film deposition thickness with converged cycle number k from Eq. ͑1͒.
In the converged region, the coverage of the reactant is saturated at the convergent value. Note that
BY , and BY (k) AB should satisfy the periodic conditions as the number of deposition cycles is varied. Hence, the coverage of the reactant in the kth deposition cycle coincides with that of the reactant in the ͑kϩ1͒th deposition cycle. The value of l con can be easily attained by solving differential equations. To evaluate the value of l con , we can define following functions as f, which frequently appear in the solutions of differential equations for convenience:
The solutions of
should be obtained, respectively, as follows:
The convergent values of coverage can be described as
The superscript ϱ signifies the number of cycles, with the passage of numerous passes.
In deriving the film growth rates, two factors that influence the growth rate of films should be considered. When AB films are formed, AX molecules and BY molecules undergo a reduction in volume. Hence, the occupied surface area of the reactant will be reduced to the area of the newly formed films. On the other hand, the interactions between adsorbed reactants hinder the close packing of reactants so that the adsorbed reactants will be arranged at certain intervals. Therefore, the effective occupied area of the reactant, which is adsorbed on the surface, should include the interval space between reactants as well as the area occupied by itself. This consideration is related with the number of available sites for the adsorbed reactants. The above two factors may have an effect on adsorption coverage. Since AB films can be produced by the reaction of AX molecules and BY molecules, m AX implies the reduction ratio of the occupied surface area when an AX molecule is converted into an A atom in the AB film. At the same time, m AX involves the information about the effective occupied area of a reactant which is adsorbed on the surface. This can be applied to the case of m BY for BY molecules in a similar way.
The film growth rate in the converged region l con can be obtained by combining Eqs. ͑8͒ and ͑9͒ and considering m AX , m BY , including the above two factors. During the kth AX gas pulse, the newly formed film coverage should be BY (kϪ1) AX(k) BY divided by m BY and during the kth BY gas pulse,
AX(k) BY (k)

AX
divided by m AX . Thus, the following equations can be obtained for deriving l con :
Here k is replaced by ϱ which represents the convergent value. Then, the solutions of
AX from Eqs. ͑8͒ and ͑9͒ are substituted for the above equation. The relation of
ϭ 0͒ in Eq. ͑6͒ is substituted for the last term in Eq. ͑10͒, then
By substituting the solution of BY (ϱ) AX(ϱ) AB in Eq. ͑4͒ for Eq. ͑11͒, it is possible to obtain following equation:
͑12͒
In order to obtain the value of the ML/cycle from Eq. ͑12͒, it is necessary to determine
respectively. Once the differential equations from Eqs. ͑3͒ to ͑5͒ are solved sequentially by substituting the C values, the recurrence relations in Eq. ͑6͒ can be evolved with the coverage solutions of differential equations. As a result, the convergent values of BY (ϱ) AX , BY (ϱ) BY , and BY (ϱ) AB can be evaluated for the case of the converged region. Since these coverages are constant values, it is possible to obtain the value of l con in Eq. ͑12͒. The value of l con is used for the evaluation of the values of C AX BY , C BY AX , C AX AB , and C BY AB in the converged region.
In the transient region, it is important to determine the values of k and ͚ jϭ1 k l j,tran , in order to estimate the value of C AX S , C BY S . The value of k can be expressed by ͚ jϭ1 k l j,tran , the intersection of the deposition cycle axis h 0 , and the deposition thickness t 0 in following equation:
From the experimental data, it is possible to evaluate l con with the intersections of both axes and the slope of the line.
While the values of C AX BY , C BY AX , C AX AB , and C BY AB can be obtained from the data on film growth rate versus reactant gas pulse time in the converged region, 6 
III. APPLICATION OF THE PROPOSED MODEL TO TIN-ALD
A. Experimental conditions of TiN-ALD
To investigate the effect of the transient region on film thickness versus deposition cycles, TiN films were deposited using the ALD technique with tetrakis ͑dimethylamido͒-titanium ͑TDMAT͒ and ammonia (NH 3 ). TiN films were deposited on SiO 2 ͑100 nm͒/Si wafers at the substrate temperature of 180°C and the working pressure of 133 Pa.
The vapor pressure of TDMAT was 20 Pa. Total gas flow rate into the reactor was maintained at 270 sccm by the supplementary flow of Ar at 200 sccm maintaining constant partial pressures of the reactant. TDMAT was injected into the reactor with carrier Ar ͑100 sccm͒ and the NH 3 flow rate was 94 sccm. Ar gas was used as a purging gas. Deposition cycles were varied from 25 to 150 cycles, and film thickness was measured by the surface profilometer.
B. Experimental results and discussions in TiN-ALD
It has been reported that the extrapolation of the line for film thickness versus the number of deposition cycles intersects the point of origin. 7, 8 However, in this proposed model, if the probability of the adsorption of reactants to the substrate is much lower than that to films, the extrapolation line of film thickness versus the number of deposition cycles would intersect at the position corresponding to a positive number of cycles. This suggests that the extrapolation of the line may intersect the point of origin, unless there is a difference between the probability for the adsorption of reactants to the substrate vis-a-vis that to films. In the case where TiN films are deposited on the SiO 2 substrate, the probability that TDMAT and NH 3 will be adsorbed onto SiO 2 can be compared with the adsorption onto TiN films.
The experimental results relative to film thickness versus the number of deposition cycles are shown in Fig. 3 . In the converged region the ALD characteristics are shown in which a linear relation between film thickness and the number of deposition cycles exists. However, it appears that the film thickness and the number of deposition cycles have a nonlinear relationship in the transient region. The line extrapolated from the converged region intersects the positive cycles. If it is assumed that the ratio of C TDMAT appears that the probability for the adsorption of reactants to the SiO 2 substrate is considerably lower than that to TiN film. If an alternate material is used as the substrate, it will give another intersection point for the deposition cycle, while the slope of line will not change providing that no other factors that have an effect on aspects of reactant adsorption are present. Consequently, the experimental data relative to deposition thickness versus the number of deposition cycles permit the identification of the substrate as well as the probability for the adsorption of reactant onto the substrate. Furthermore, it is possible to estimate the accuracy of film deposition thickness in the case of depositing thin films which are less than several nanometers in thickness.
IV. CONCLUSION
Two regions exist in the case of ALD, namely, the transient region and the converged region, as the number of deposition cycles are varied. The number of deposition cycles in the transient region are dependent on the magnitude of the probability for the adsorption of a reactant to the substrate, compared with that of the reactant to film surface. In the transient region, during the initial stage of the deposition cycles, the film thickness does not show a linear dependence on the number of deposition cycles. For the case of the TiN-ALD system, the fact that the extrapolation of the line in the converged region for data on film thickness versus deposition cycles does not intersect the point of origin suggests that the probability of the adsorption of a reactant to the SiO 2 is much lower than that of a reactant to TiN films. This analysis of the transient region can be applied to other ALD systems and may aid in investigating the adsorption kinetics between the reactant and the substrate. Furthermore, it is possible to estimate the film thickness when the required film thickness is less than 10 nm.
